Varestraint weldability testing and Gleeble thermomechanical simulation of the newly developed cast form of Haynes ® 282 ® were performed to understand how heat-affected-zone (HAZ) liquation cracking is influenced by different preweld heat treatments. In contrast to common understanding, cracking susceptibility did not improve with a higher degree of homogenization achieved at a higher heat-treatment temperature. Heat treatments with a 4 h dwell time at 1120 • C and 1160 • C exhibited low cracking sensitivity, whereas by increasing the temperature to 1190 • C, the cracking was exacerbated. Nanosecond ion mass spectrometry analysis was done to characterize B segregation at grain boundaries that the 1190 • C heat treatment indicated to be liberated from the dissolution of C-B rich precipitates.
Introduction
Haynes ® 282 ® has received considerable interest in the aerospace industry due to its improved creep strength in the temperature range of 650-930 • C, which was obtained with a lower fraction of γ' in comparison to René 41 [1] . Besides γ', which is the primary strengthening phase, other precipitates that have been reported in the alloy are Ti-Mo-rich MC primary carbides, Ti-rich MN nitrides, Cr-rich M 23 C 6 , Mo-rich M 6 C secondary carbides, and Mo-rich M 5 B 3 borides [1] [2] [3] .
Similar to Alloy 718, which faced an early development for wrought-and later on for cast-material form, a cast Haynes ® 282 ® has now been developed for the fabrication of aeroengine components. Early studies have investigated castability [4] and microstructural aspects [5] , which reported additional precipitates such as σ and M 2 SC. With regard to weldability, the wrought alloy was reported to have a good resistance to strain age cracking [1] , good repair weldability [6] , and lower hot-cracking susceptibility relative to Waspaloy and René 41 [2, 7] . However, weldability, in terms of cracking susceptibility and its influence of preweld heat treatments, still needs to be addressed for the cast version, and is, therefore, under the scope in the present study.
Cast superalloys are generally known to perform poorly in comparison to their wrought counterparts. Poor weldability has generally been related to the higher extent of segregation that often requires preweld heat-homogenization treatments. When it comes to the wrought version of Haynes ® 282 ® , the recommended solution heat-treatment temperature is in the range of 1120-1150 • C, which is the required temperature range for dissolving secondary carbides [8] . As for the cast version, there is no suggested available preweld heat treatment. Generally, for Fe-Ni and Ni-based superalloys, preweld temperatures are decided so that incipient melting of the low-melting Gamma-Laves eutectic is avoided, which occurs in the range of 1150-1160 • C. This is generally carried out by two different hot isostatic pressing (HIP) approaches, commonly employed in the aerospace industry, at 1120 • C and 1190 • C [9] [10] [11] , respectively, below and above the melting of the Laves eutectic. The aforementioned preweld heat treatment temperatures were investigated for the cast Alloy 718 [12] and ATI ® 718Plus TM [13] . Even though Haynes ® 282 ® is devoid of detrimental Laves phases, a common heat treatment for the three superalloys that minimizes cracking is interesting from an industrial perspective. In the current investigation, pseudo-HIP treatments were performed in a small laboratory furnace without any pressure effects. Besides solution temperatures of 1120 • C and 1190 • C, an additional temperature of 1160 • C was used in the present study. The objective was, therefore, to investigate how the material behaves in respect to heat-affected-zone (HAZ) liquation-cracking susceptibility after being subjected to the aforementioned heat treatments.
Materials and Methods
The composition of the material used in this study is presented in Table 1 . Cast plates were heat treated at temperatures of 1120 • C, 1160 • C, and 1190 • C for 4 h of dwell time, followed by solution heat treatment at 1135 • C for 30 min and quenched in water. Test plates were cut out to the final dimensions of 150 mm × 60 mm × 3.3 mm for Varestraint testing. State-of-the-art Varestraint weldability testing [14] based on the original test developed by Savage and Lundin [15] was used. The test setup is shown in Figure 1 .
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Results & Discussion

Microstructure
The base-metal microstructure through LOM can be seen in Figure 2 . High-magnification SEM images show the homogenization effect along the grain boundaries of the initial as-cast condition ( Figure 3a ) and at 1190 • C/4 h ( Figure 3b ).
Metals 2019, 9, x FOR PEER REVIEW 3 of 11 measurement, whereas samples were etched electrolytically by oxalic acid at 3.2 V for microstructure evaluation by light optical microscopy (LOM) and scanning electron microscopy (SEM) LEO 1550 FEG-SEM (LEO GmbH, Oberkoche, Germany) equipped with Oxford electron dispersive X-ray spectroscopy. Grain-size measurements and volume fraction of secondary precipitates were measured according to the ASTM (American Society for Testing and Materials) E112-96 [16] and E562-08 [17] standards, respectively. Macrohardness Vickers test (HV10) was done on 3 test samples for each material condition. Grain-boundary segregation was examined by a CAMECA NanoSIMS 50L secondary ion mass spectrometer (CAMECA, Gennevilliers, France) using a primary beam of Cs + . Mass-resolved images were obtained for 11 B − , 12 C2 − , 28 Si − , 31 P − , and 11 B 16 O2 − . JMatPro v8 (version 8, Sente Software, Surrey, UK) was used for phase prediction.
Results & Discussion
Microstructure
The base-metal microstructure through LOM can be seen in Figure 2 . High-magnification SEM images show the homogenization effect along the grain boundaries of the initial as-cast condition ( Figure 3a ) and at 1190 °C/4 h ( Figure 3b ). measurement, whereas samples were etched electrolytically by oxalic acid at 3.2 V for microstructure evaluation by light optical microscopy (LOM) and scanning electron microscopy (SEM) LEO 1550 FEG-SEM (LEO GmbH, Oberkoche, Germany) equipped with Oxford electron dispersive X-ray spectroscopy. Grain-size measurements and volume fraction of secondary precipitates were measured according to the ASTM (American Society for Testing and Materials) E112-96 [16] and E562-08 [17] standards, respectively. Macrohardness Vickers test (HV10) was done on 3 test samples for each material condition. Grain-boundary segregation was examined by a CAMECA NanoSIMS 50L secondary ion mass spectrometer (CAMECA, Gennevilliers, France) using a primary beam of Cs + . Mass-resolved images were obtained for 11 B − , 12 C2 − , 28 Si − , 31 P − , and 11 B 16 O2 − . JMatPro v8 (version 8, Sente Software, Surrey, UK) was used for phase prediction.
Results & Discussion
Microstructure
The base-metal microstructure through LOM can be seen in Figure 2 . High-magnification SEM images show the homogenization effect along the grain boundaries of the initial as-cast condition ( Figure 3a ) and at 1190 °C/4 h ( Figure 3b ). Segregation was reduced by increasing heat-treatment temperature both in the matrix and along the grain boundaries. The quantification of secondary precipitates in terms of volume fraction (Vv%) showed the highest value in the as-cast condition of about 1.5% and decreased with increasing heat-treatment temperature to about 0.5% after heat treatment at 1190 • C ( Figure 4 ). Segregation was reduced by increasing heat-treatment temperature both in the matrix and along the grain boundaries. The quantification of secondary precipitates in terms of volume fraction (Vv%) showed the highest value in the as-cast condition of about 1.5% and decreased with increasing heattreatment temperature to about 0.5% after heat treatment at 1190 °C ( Figure 4 ). A magnified image of the interdendritic region of the 1120 °C heat-treatment condition shows the presence of large MC carbides and small Mo-rich precipitates ( Figure 5 ). At 1160 °C/4 h, Mo-rich precipitates were still present, but to a lower extent, whereas 1190 °C/4 h was able to dissolve them, and only MC carbides were present ( Figure 6 ). Segregation was reduced by increasing heat-treatment temperature both in the matrix and along the grain boundaries. The quantification of secondary precipitates in terms of volume fraction (Vv%) showed the highest value in the as-cast condition of about 1.5% and decreased with increasing heattreatment temperature to about 0.5% after heat treatment at 1190 °C (Figure 4 ). A magnified image of the interdendritic region of the 1120 °C heat-treatment condition shows the presence of large MC carbides and small Mo-rich precipitates ( Figure 5 ). At 1160 °C/4 h, Mo-rich precipitates were still present, but to a lower extent, whereas 1190 °C/4 h was able to dissolve them, and only MC carbides were present ( Figure 6 ). At 1160 • C/4 h, Mo-rich precipitates were still present, but to a lower extent, whereas 1190 • C/4 h was able to dissolve them, and only MC carbides were present ( Figure 6 ).
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Varestraint Testing
The results from HAZ crack measurements are plotted in Figure 7 . Despite the large scatter, which is typical in testing of cast materials, as reported in previous studies [11, 12] , it can be seen that cracking-behavior results are similar for the preweld heat treatments at 1120 °C and 1160 °C, which exhibited the least amount of cracking, whereas the 1190 °C heat-treatment condition exhibited the highest amount of cracking. Cracking occurred both in fusion and HAZ, but cracking susceptibility in the fusion zone (FZ) did not reveal any difference between the different conditions. The results and discussion are, therefore, only related to HAZ liquation cracking. At first, after being subjected to the preweld heat treatment at 1120 °C and 1160 °C, respectively, HAZ cracking susceptibility of Haynes ® 282 ® decreased. However, increasing the heat-treatment temperature to 1190 °C had an adverse effect, since cracking susceptibility increased further. Many studies related cracking susceptibility as a function of the homogenization extent. In general, the more homogenization, the less cracking, as the amount of secondary precipitates contributing to liquation were also reduced [18] . In the current study, however, the homogenization heat treatment at 1190 °C, with about 0.5 Vv% of secondary 
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Gleeble Thermomechanical Simulation
Gleeble thermomechanical simulation was used to investigate HAZ grain-boundary properties by isolating the effect from the FZ. The HAZ thermal cycle of preweld samples, heat treated at 1120 °C and 1190 °C, respectively, was performed by rapidly heating to three different peak temperatures below the equilibrium solidus of the alloy and pulled to fracture to measure on-heating ductility response. On-heating ductility profiles are plotted with reference values for wrought Haynes ® 282 ® [19] in Figure 9 . Figure 9 shows that the area-reduction values for 1120 °C were slightly lower than for 1190 °C, with a ductility drop starting at about 1150 °C and approaching 0% at 1200 °C. The ductility drop is 
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It is interesting to see that the 1190 • C condition, which exhibited enhanced cracking, also showed rather high on-heating ductility. Correlation of the Varestraint and Gleeble results is often used for analyzing similar trends, but the hot ductility test is used to assess the tendency of the material to liquate. It has been reported that the test is sensitive to liquation reaction temperatures and a temperature range over which liquid is present; however, this does not indicate any difference in the extent of, e.g., grain-boundary wetting [21] .
NanoSIMS
The presence of minor elements at the grain boundaries was investigated by nanoSIMS. The elements included in the analysis were C, B, Si, and P. However, no Si and P were detected. Analysis revealed B-rich discrete precipitates in the 1120 • C/4 h condition, as visible in Figure 12 . These precipitates were in association with C-rich particles.
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JMatPro simulation results from Figure 15 suggested that the B-rich phases could have been M3B2. However, M3B2 has rarely been reported in superalloys [5] . It is possible that these are M5B3, as reported by Osoba et al. [3] in wrought Haynes ® 282 ® . Nevertheless, B is known to have a detrimental effect on weldability. In a study by Caron [2] investigating the weldability of wrought Haynes ® 282 ® , varying B content, from 30 to 50 ppm, led to an increasing amount of cracking, from about 1 to 2.5 mm in total crack length (TCL). Similarly, Osoba et al. [3] found that the preweld heat treatment that favored the most severe effect on B segregation also exacerbated cracking. Therefore, exacerbated cracking in the 1190 °C condition seemed to be related to B segregation from the dissolution of C-B-rich precipitates at the grain boundaries, which is known to suppress the local liquation starting temperature, thereby enlarging the effective melting range of the alloy. Subsolidus melting is not the only effective mechanism for HAZ cracking; besides being a potent melting-point depressant, B is also a surface active element that improves the wetting property of the liquid so that the liquid is present in continuous form [21, 25] . As clearly visible from Figure 11 , the To the authors´best knowledge, B segregation has not been previously reported in the cast Haynes ® 282 ® . B has been reported to segregate in steels and superalloys according to the nonequilibrium segregation mechanism [22] [23] [24] . The tendency of segregation is known to increase with increasing heat-treatment temperature, but is also highly dependent on the cooling rate after heating. Free B was not present at the heat-treatment temperatures of 1120 • C and 1160 • C, meaning that nonequilibrium segregation was not effective at these temperatures. At 1190 • C/4 h, the decomposition of C-B precipitates allowed B to diffuse and segregate at the boundaries.
JMatPro simulation results from Figure 15 suggested that the B-rich phases could have been M 3 B 2 . However, M 3 B 2 has rarely been reported in superalloys [5] . It is possible that these are M 5 B 3 , as reported by Osoba et al. [3] in wrought Haynes ® 282 ® . Nevertheless, B is known to have a detrimental effect on weldability. In a study by Caron [2] investigating the weldability of wrought Haynes ® 282 ® , varying B content, from 30 to 50 ppm, led to an increasing amount of cracking, from about 1 to 2.5 mm in total crack length (TCL). Similarly, Osoba et al. [3] found that the preweld heat treatment that favored the most severe effect on B segregation also exacerbated cracking. To the authors´ best knowledge, B segregation has not been previously reported in the cast Haynes ® 282 ® . B has been reported to segregate in steels and superalloys according to the nonequilibrium segregation mechanism [22] [23] [24] . The tendency of segregation is known to increase with increasing heat-treatment temperature, but is also highly dependent on the cooling rate after heating. Free B was not present at the heat-treatment temperatures of 1120 °C and 1160 °C, meaning that nonequilibrium segregation was not effective at these temperatures. At 1190 °C/4 h, the decomposition of C-B precipitates allowed B to diffuse and segregate at the boundaries.
JMatPro simulation results from Figure 15 suggested that the B-rich phases could have been M3B2. However, M3B2 has rarely been reported in superalloys [5] . It is possible that these are M5B3, as reported by Osoba et al. [3] in wrought Haynes ® 282 ® . Nevertheless, B is known to have a detrimental effect on weldability. In a study by Caron [2] investigating the weldability of wrought Haynes ® 282 ® , varying B content, from 30 to 50 ppm, led to an increasing amount of cracking, from about 1 to 2.5 mm in total crack length (TCL). Similarly, Osoba et al. [3] found that the preweld heat treatment that favored the most severe effect on B segregation also exacerbated cracking. Therefore, exacerbated cracking in the 1190 °C condition seemed to be related to B segregation from the dissolution of C-B-rich precipitates at the grain boundaries, which is known to suppress the local liquation starting temperature, thereby enlarging the effective melting range of the alloy. Subsolidus melting is not the only effective mechanism for HAZ cracking; besides being a potent melting-point depressant, B is also a surface active element that improves the wetting property of the liquid so that the liquid is present in continuous form [21, 25] . As clearly visible from Figure 11 , the Therefore, exacerbated cracking in the 1190 • C condition seemed to be related to B segregation from the dissolution of C-B-rich precipitates at the grain boundaries, which is known to suppress the local liquation starting temperature, thereby enlarging the effective melting range of the alloy. Subsolidus melting is not the only effective mechanism for HAZ cracking; besides being a potent melting-point depressant, B is also a surface active element that improves the wetting property of the liquid so that the liquid is present in continuous form [21, 25] . As clearly visible from Figure 11 , the extent of the liquid phase at the grain boundaries was higher at 1120 • C/4 h, characterized by relatively large but disconnected melted areas. On the other hand, at 1190 • C/4 h, no liquated products could be seen, meaning that little amount of liquid was available. Thin and continuous liquid films are reported to be more damaging from a cracking perspective relative to when they are present in a thick and disconnected form [26] .
Conclusions
The following were concluded from the present study:
•
Heat treatments at 1120 and 1160 • C/4 h had similar HAZ cracking susceptibility in Varestraint testing, whereas heat treatment at 1190 • C/4 h had the most detrimental cracking behavior; • On-heating Gleeble hot ductility tests indicated that subsolidus melting starts at~1150 • C, which is a significantly lower temperature than that of the equilibrium solidus for the alloy. • B-rich precipitates, possibly carboborides, were found in the conditions of 1120 and 1160 • C/4 h, whereas heat treatment at 1190 • C/4 h completely dissolved the carboborides, which led to B atoms being released from the dissolution of these precipitates and segregated to the grain boundaries; •
The complete dissolution of C-B particles and the segregation of B at the grain boundaries at 1190 • C exacerbated HAZ cracking;
